The data underlying the results presented here: <https://doi.org/10.6084/m9.figshare.11346887.v1>.

Introduction {#sec001}
============

Heavy metal ion pollution is a severe problem threatening the environment, human health, and ecosystem balance\[[@pone.0227584.ref001]\]. Some of the most hazardous and ubiquitous pollutants that threaten the integrity of the ecosystem and have a deleterious effect on the health of humans and future generations are Mercury(II) (Hg^2+^) and its organic form (i.e. methylmercury)\[[@pone.0227584.ref002]\] and Lead(II) (Pb^2+^)\[[@pone.0227584.ref001],[@pone.0227584.ref003]\]. Hg^2+^ can easily permeate through biological membranes and the blood-brain barrier and can damage DNA, impair cell division, and cause neurological damage\[[@pone.0227584.ref001],[@pone.0227584.ref004],[@pone.0227584.ref005]\]. The more potent form of Hg^2+^ is its organic form, i.e. methylmercury\[[@pone.0227584.ref006]\]. Thousands of individuals were affected by the Minamata disaster in Japan, one of the first large-scale accidents of methylmercury poisoning and several other such accidents in other parts of the world affected many others\[[@pone.0227584.ref007]\]. Methylmercury has higher potency due to its high lipid solubility, which aids it in bio-accumulation and bio-amplification using the food chain of the ecosystem\[[@pone.0227584.ref008]\]. Mercury and methylmercury are dangerous neurotoxins, which are particularly hazardous for infants and pregnant women \[[@pone.0227584.ref009],[@pone.0227584.ref010]\].

Although the Minamata accident raised global concern regarding the detrimental effects of mercury, the ill-effects of heavy metals, including mercury, were known to mankind previously. Mercury is categorised as a neuro-toxicant, powerful and dangerous to foetuses and children because it has the ability to pass through the placenta\[[@pone.0227584.ref011]\]. Even decades after the industrial dumping, survivors of mercury-pollution accidents still suffer from acute intoxication and its consequences\[[@pone.0227584.ref007]\]. The high toxicity of mercury and other heavy metal ions, even in trace amounts, calls for a very specific and highly sensitive determination. Sensitive detection of Mercury will lead to more effective toxicological, environmental, and biological monitoring.

The established techniques for monitoring and determining the Hg^2+^ concentration in environmental samples include atomic absorption/emission spectroscopy, X-ray absorption spectroscopy, inductively coupled plasma mass spectrometry (ICPMS), and surface-enhanced Raman scattering (SERS)\[[@pone.0227584.ref012]--[@pone.0227584.ref017]\]. However, these techniques require sophisticated and expensive instrumentation and are highly time-consuming. Recently, a variety of 'turn-on' spectroscopic methods have been reported and used; these include fluorescence and colourimetry, which are advantageous for analysing complex biological samples and monitoring dynamic biological processes in living cells\[[@pone.0227584.ref018]--[@pone.0227584.ref023]\]. Great potential in the sensitive detection of Mercury is displayed by various fluorescent probes, such as semiconductor quantum dots and organic molecules \[[@pone.0227584.ref024]--[@pone.0227584.ref026]\]. However, the practical application of these fluorescent probes is hindered by their complex synthesis routes and the expensive and toxic reagents that are employed. The turbidity of the sample also interferes with the testing and determination of the concentration of heavy metal ions in solution. Recently, few studies have been carried out using the wavelength and size-dependent 'Faraday-Tyndall' effect in gold nanoparticles (NPs) and the associated surface plasmon resonance (SPR) phenomena \[[@pone.0227584.ref027]\]. In a recent study, laser-induced microbubbles (LIMBs) in gold colloid were reviewed, and their various properties including scattering and SPR were investigated in detail\[[@pone.0227584.ref028]\]. However, instances of heavy-ion detection in water are sparse in literature and few sensors have been developed based on the 'Faraday-Tyndall' effect. Sensitive detection of other metal ions like Aluminium has also been explored and its efficacy in presence of other metal ions with water-soluble onion-like carbon nanoparticles (wsCNOs) was reported \[[@pone.0227584.ref029]\]. Various nano carbon based sensors having substantial potential in detection of toxins, microbes, heavy metal ions, inorganic and organic pollutants in water were reviewd recently \[[@pone.0227584.ref030]\]. [α-FeOOH nanoparticles have](https://pubs.acs.org/doi/abs/10.1021/acsami.5b01624) also been used to extract Arsenic from contaminated water \[[@pone.0227584.ref031]\].

Contemporary sensors of environmental pollutants can be classified into two categories: higher sensitivity with a limited detection window and lower sensitivity with a wider detection window. Measurement strategies of real-world samples are often associated with complicated sample preparation in order to comply with the requirements of conventional sensors \[[@pone.0227584.ref032]\], which sometimes becomes cumbersome in field-based measurement setting. It is preferable to have multiple parameters to monitor pollutants with higher sensitivity in wider measurement windows \[[@pone.0227584.ref033]\]. These can originate from different physical phenomena due to the interaction of the target pollutant with the sensor. Here, we developed a strategy of monitoring environmental water pollutants based on the enhanced Rayleigh scattering upon interaction of the target pollutant with the NPs of the sensor and post sample fluorescence from a high-pass (HP) optical filter. Citrate-functionalized silver (Ag) NPs with an SPR band at 420 nm are used as a model sensor and the detection of a variety of water pollutants, including mercury ions, lead, and methylmercury, is tested to justify the efficacy of the proposed strategy. Using our strategy, we also designed a cost-effective, user-friendly, and highly efficient device based on an optical technique, combining the principles of 'turn-on' Rayleigh scattering and post sample fluorescence from an optical filter in a wider detection window. Our device is shown to be useful for detecting heavy metal ions (mercury, methylmercury, and lead) with very high sensitivity in a wider detection window and with high selectivity as reported in one of the previous publication from or group \[[@pone.0227584.ref034]\]. The merits and demerits of all existing techniques for detection of heavy metal ions in available water samples in comparison to our developed strategy has been presented in a tabular form in [Table 1](#pone.0227584.t001){ref-type="table"}.
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###### Comparative representation of available techniques for heavy metal ion detection vis-à-vis our developed strategy.

![](pone.0227584.t001){#pone.0227584.t001g}

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Methods\                                                                              High Sensitivity   Low cost   Portability   Reproducibility   Stability   High dynamic range   Ease of sample preparation
  ------------------------------------------------------------------------------------- ------------------ ---------- ------------- ----------------- ----------- -------------------- ----------------------------
  **1.Electro-chemical Sensors**\                                                       ✗\                 ✗\         ✓             ✗\                ✗\          ✗\                   ✓
  **(e.g. Potentiometric, Amperometric, Conductometric, Ion selective FET etc.)**                                                                                                      

  **2. Optical**\                                                                       ✓                  ✗\         ✗\            ✓                 ✓           ✓                    ✓
  **(e.g. Absorbance Sensors, SPR, Fluorescence Sensors, Luminescence Sensors etc.)**                                                                                                  

  **3. Piezoelectric Sensors**                                                          ✗                  ✓          ✓             ✗                 ✗           ✗                    ✓

  **4.Thermal Sensors**                                                                 ✗                  ✓          ✓             ✗                 ✗           ✗                    ✗

  **5. Enzyme/Antibiotic Sensors**                                                      ✓                  ✓          ✗             ✓                 ✓           ✗                    ✗

  **6. MS**\                                                                            ✓                  ✗          ✗             ✓                 ✓           ✓                    ✗
  **ICPMS, OES**                                                                                                                                                                       

  **7. Turn ON Rayleigh scattering and post sample fluorescence method**                ✓                  ✓          ✓             ✓                 ✓           ✓                    ✓
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Materials and methods {#sec002}
=====================

All chemicals used are of analytical grade. No further purification of the chemicals was performed. Silver nitrate (AgNO~3~, 99.99%), sodium borohydride (NaBH~4~), sodium citrate (Na~3~C~6~H~5~O~7~), and sodium hydroxide (NaOH) were purchased from Sigma-Aldrich. The samples were in the form of nitrate or chloride salts, which were used as received from Merck and Aldrich without further purification. A known amount of chloride or nitrate salts were used in the aqueous medium to prepare the stock solution (50 mM) of the metal ions. Millipore water (from Merck) was used as the aqueous solvent.

Synthesis of Ag NPs {#sec003}
-------------------

A process including the reduction of AgNO~3~ with NaBH~4~ resulted in the synthesis of nitrate-capped Ag NPs at pH = 6.5. Initially, we prepared a quick mixture containing stock solutions of 1 mM sodium citrate and 5 mM of both NaBH~4~ and AgNO~3~ in aqueous solution. A stirrer was used for the smooth amalgamation of 16 mL of 1 mM solution in water and 1 mL aqueous AgNO~3~ solution, maintained at a temperature of 0°C with an ice bath. Drops of instantly produced aqueous NaBH~4~ (150 mL of 5 mM) solution were added for 5 min. A distinct shift of the solution from colourless to intense yellow was observed. This solution was stirred for 2.5 h. An absorption peak at 420 nm (SPR spectroscopic signature) from the X-ray absorption spectra confirmed the successful synthesis of the Ag NPs with the above-mentioned process. \[[@pone.0227584.ref034],[@pone.0227584.ref035]\].

Development of the detection setup {#sec004}
==================================

The detection system consisted of three basic components: a Light Emitting Diode (LED) source, a customised cuvette holder, and the detector. We used a 3 W Ultra Violet (UV) LED with 365 nm wavelength (Ocean Optics, Florida, USA) and a Charged Couple Device (CCD)-based detector (Black-Comet, C-SR-200, StellarNet Inc., USA). The cuvette holder was designed in such a way that the detector and the LED remain orthogonal to each other. An optical filter (Ocean Optics, Florida, USA) with passband \> 400 nm was placed in front of the detector. In this setup, the light passing through the customised cuvette holder excites the sample and, after being scattered, is collected by the detector. A microcontroller (Arduino Uno) was used to control the LED through a solid-state relay. The overall algorithm, including data acquisition, data processing, data analysis, and decision making, was controlled by a self-developed LabVIEW-based software. [Fig 1](#pone.0227584.g001){ref-type="fig"} presents a schematic of the self-developed low-cost electro-optical set-up based on 'turn-on' Rayleigh scattering and post sample fluorescence. The UV light excites the sample, and the emission is collected at an angle of 90° relative to the incident light beam by the spectrometer; the absorption of the sample is collected by an array detector at an angle of 0° relative to the excited light beam. After passing through the sample, the 465 nm scattered light reaches the filter, which emits a broadband fluorescence light spectrum. An HP filter (λ~pass~ \> 400 nm) is used to split the excitation light beam and provide broad-spectrum fluorescence. The HP filter acts as a secondary detector as the scattered light saturates the receiver quickly due to increased diameter of the Ag NP in the mercury solution. [Fig 2](#pone.0227584.g002){ref-type="fig"} presents a schematic of the 'turn-on' scattering sensor for the high-sensitive detection of pollutants (Mercury here). UV light (365 nm) from an LED hits the Ag NPs with an SPR absorption at 420 nm. In the absence of mercury, the NPs exhibit significant absorption of the excitation light and scatter the light very weakly to the HP filter in front of the spectrometer. The light scattered by the HP filter and its fluorescence are shown to peak at 395 and 520 nm, respectively. In the presence of mercury, the NPs agglomerate and the overall size of the particles increases, decreasing the SPR absorption and enhancing the light scattering to the HP filter, which eventually increases the fluorescence intensity of the filter.

![Electro-optical set-up of the proposed device, which works on the principle of 'turn-on Rayleigh Scattering'.](pone.0227584.g001){#pone.0227584.g001}

![Schematic of 'turn-on' scattering sensor for highly sensitive detection of pollutants (Mercury in this study).\
(see text).](pone.0227584.g002){#pone.0227584.g002}

Software design {#sec005}
---------------

We developed a user-friendly LabVIEW-based Graphical User Interface (GUI) for data acquisition and real-time analysis of the results. The software acquires data sequentially by turning on the LED light, setting the spectrograph parameters, including the wavelength range, integration time, and acquisition interval, and analysing the data. Initially, the software checks the health of various components of the instrument. Subsequently, it turns on the blue LED and initialises the data acquisition; it displays a graph on the computer screen and stores all desired parameters as [American Standard Code for Information Interchange]{.ul} (ASCII) files at the desired location. [Fig 3](#pone.0227584.g003){ref-type="fig"} illustrates the workflow/algorithm of the self-developed software to control the device with proper graphical user interface.

![Workflow/algorithm of the self-developed software to control the device with a proper graphical user interface.](pone.0227584.g003){#pone.0227584.g003}

Optical studies {#sec006}
---------------

A Shimadzu 2600 absorption spectrometer was used to conduct the optical density (OD) spectrometric studies of the films. Water baseline was performed, and data were used as reference for all OD observations. The particle size and morphology before and after interaction with the heavy metal ions were determined using (HRTEM) high-resolution transmission electron microscopy (FEI Technai S-Twin) with an acceleration voltage of 200 kV. Copper grids coated with carbon were drop-casted with dilute samples to prepare the thin films necessary for HRTEM.

Results and discussion {#sec007}
======================

Interaction of Ag NP with heavy metal ions {#sec008}
------------------------------------------

Optical absorption spectrometry and high-resolution microscopy were employed to characterise the prepared Ag NP. [Fig 4](#pone.0227584.g004){ref-type="fig"} displays a TEM image of the citrate-capped Ag NPs (a) before and (b) after interaction with the Hg ions in aqueous solution. The change in diameter is due to Hg-induced agglomeration. The Ag NPs were found to be sphere-shaped and distributed uniformly throughout the solution. From the TEM image, the mean radius of the particles was calculated to be approximately 5 nm. [Fig 4B](#pone.0227584.g004){ref-type="fig"} illustrates the microscopic data of the NPs with single directional continuous lattice fringes. The inter-planar separation of the Ag NPs was estimated to be approximately 0.23 nm. [Fig 5](#pone.0227584.g005){ref-type="fig"} depicts the absorption spectra of the Ag NP before and after interaction with various model pollutants, including mercury, lead, and methylmercury in aqueous solution. A clear absorbance band peak can be observed from the figure at approximately 395 nm. Dynamic light scattering (DLS) was performed to assess the expected growth of the NPs diameter owing to the addition of mercury, lead, and methylmercury. [Fig 6](#pone.0227584.g006){ref-type="fig"} presents the DLS data of the Ag NPs before and after their interaction with the various model pollutants in aqueous solution. It is observed that the change upon interaction with Hg^2+^ ions is consistent with the HRTEM results. The enhanced particle diameter should trigger an enhanced optical scattering mechanism, which indicates the concentration of the pollutants in the aqueous solution.

![HRTEM images of Ag NPs (a) before and (b) after interaction with mercury ions in aqueous environments. Diameter change is due to Hg^2+^-induced agglomeration.](pone.0227584.g004){#pone.0227584.g004}

![UV-VIS absorption spectra of the Ag NPs before and after their interaction with mercury, lead, and methylmercury in aqueous solution.](pone.0227584.g005){#pone.0227584.g005}

![DLS of the Ag NPs before and after interaction with various model pollutants including mercury, lead, and methylmercury in aqueous solution.](pone.0227584.g006){#pone.0227584.g006}

Sensing mechanism and toxic metal ions detection {#sec009}
------------------------------------------------

The interaction of the Ag NPs with mercury was investigated by studying the SPR spectra before and after the introduction of the Hg^2+^ aqueous solution. A difference in the ion sensitivity and experimental window is observed for different detection wavelengths. As illustrated in the figure, a minor but consistent reduction in the absorbance was observed within a few seconds of the introduction of the lowest possible mercury concentration of 2 ppm. However, a significant decrease in the spectroscopic peak was observed for higher concentrations of Hg^2+^ ions such as 8 ppm, 30 ppm, 50 ppm, 80 ppm and 100 ppm ([Fig 7](#pone.0227584.g007){ref-type="fig"}). (A blue shift in the SPR band was also observed, especially at higher concentrations of Hg^2+^. [Fig 7](#pone.0227584.g007){ref-type="fig"} demonstrates that for few selective concentrations (in the range of 2−100 ppm) of Hg^2+^ ions, the developed sensor exhibits a non-linear nature, which can be described as follows: $$Y = \frac{X}{\left( 10.63 + 1.4*X - 2.66\sqrt{X} \right)},$$ where Y represents the difference in OD *(I*~*0*~*---I)*, *X* is the Hg^2+^ ion concentration (in ppm), and *I*~*0*~ and *I* are the light intensities of the NPs at 405 nm. The surface amalgamation or improper amalgamation, resulting in smaller NPs, might be attributed to the blue shift of the SPR band. Nevertheless, a complete amalgamation may occur when inducing agglomeration to develop bigger Ag-Hg NPs \[[@pone.0227584.ref036]\]. In this study, we have developed an optical technique combining Rayleigh scattering and post-sample fluorescence detection from colloidal Ag NPs having SPR band at 420 nm. The spectra acquired from the developed device with various concentration of model pollutant (Hg^2+^ ions in water) were observed. [Fig 8(A)](#pone.0227584.g008){ref-type="fig"} illustrates the post sample emission spectra with peaks at 395 nm (365 nm LED with 50 nm spectral width after 400 nm HP filter) and 520 nm (filter emission). [Fig 8(B) and 8(C)](#pone.0227584.g008){ref-type="fig"} depict the intensity plots corresponding to various concentrations of Hg at 395 and 520 nm, respectively. The sensitivity of the developed sensor is exceptionally high because the Rayleigh scattering depends on the sixth power of the particle size. The Ag NPs were seen to increase in size with increasing concentration of the metal ions, in the presence of toxic metal ions. Therefore, the sensitivity of our device is very high. The efficacy of the technique is tested for the detection of several toxic ions including mercury, lead, and methylmercury in aqueous media. [Fig 8(A)](#pone.0227584.g008){ref-type="fig"} reveals that the light scattering at 395 nm from the Hg-included/inflated Ag NP increased (scattering 'turn-on') with a concentration of mercury ions as low as 2 ppm. However, with higher concentrations of mercury ions, saturation occurred due to the large increase in the particle size, which indicates that the developed technique is highly efficient and sensitive ([Fig 8(A)](#pone.0227584.g008){ref-type="fig"}). The saturation effect was also predicted by the calibration equation ([Eq 2](#pone.0227584.e002){ref-type="disp-formula"}) above a 50 ppm concentration, as shown in [Fig 8B](#pone.0227584.g008){ref-type="fig"}.

![](pone.0227584.e002.jpg){#pone.0227584.e002g}
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![UV-VIS absorption spectra of Ag NPs before and after interaction with various concentrations of mercury ions in aqueous solution.](pone.0227584.g007){#pone.0227584.g007}

![Spectra acquired from the developed device with various concentration of model pollutant (Hg^2+^ ions in water).\
(a) Post sample emission spectra with peaks at 395 nm (365 nm LED with 50 nm spectral width after 400 nm HP filter) and 520 nm (filter emission). Intensity plot corresponding to various concentrations of Hg^2+^ at (b) 395 nm and (c) 520 nm.](pone.0227584.g008){#pone.0227584.g008}

Where A~2~ and A~1~ denotes the final and initial values respectively. X~0~ denotes the centre and dx denotes the time constant. The calibration equation reveals that the developed sensor can detect mercury ions in water medium at concentrations as low as 2 ppm. As mentioned above, the developed sensor cannot determine higher concentrations of pollutants efficiently. For the measurement of higher concentrations of pollutants in water medium, we use the fluorescence of the HP filter (cut-off at 400 nm) at 520 nm. The (High Pass) HP filter fluorescence is effective in determining concentrations of up to several hundreds of ppm. We have also monitored the concentrations of lead and methylmercury and validated the efficacy of the novel strategy for these pollutants. Figs [9(A)](#pone.0227584.g009){ref-type="fig"} and [10(A)](#pone.0227584.g010){ref-type="fig"} illustrate the scattering spectra of the Ag NP with methylmercury and lead, respectively, at various concentrations. Figs [9(B)](#pone.0227584.g009){ref-type="fig"} and [10(B)](#pone.0227584.g010){ref-type="fig"} represent the intensity plots corresponding to various concentrations of methylmercury and lead at 395 nm. It can be observed from the figures that the scattering intensities increase with increasing concentrations of lead and methylmercury. These results demonstrated that the developed technique possesses excellent potential for the detection of lead and methylmercury in aqueous media. The selectivity of the developed sensor in presence of heavy metal ions was found to be effective as discussed in one of our previous publications \[[@pone.0227584.ref034]\]. However, the shelf life of the Ag nanoparticle-based sensors was found to be approximately one month and hence their use is limited to the mentioned time window only.

![(a) Scattering spectra from the Ag NP with various concentrations of methylmercury. (b) Intensity plot corresponding to various concentrations of methylmercury at 395 nm.](pone.0227584.g009){#pone.0227584.g009}

![(a) Scattering spectra from the Ag NP with various concentrations of lead. (b) Intensity plot corresponding to various concentrations of lead at 395 nm.](pone.0227584.g010){#pone.0227584.g010}

Conclusions {#sec010}
===========

In summary, we have demonstrated that the 'turn-on' Rayleigh scattering relies on the specific interaction of functionalized Ag NPs (SPR at 420 nm) with several model water pollutants, including mercury, methylmercury, and lead. It can be an efficient alternative strategy for the development of NP-based sensors with enhanced sensitivity in detection with wider detection window. The decreasing SPR band of the sensor's NPs indicated the interaction of the sensor with the model pollutants, and high-resolution electron microscopy and enhanced Rayleigh scattering of 356 nm excitation light indicated the enlargement of the NPs due to agglomeration. The post sample HP filter offers significant fluorescence upon receiving scattered light at 365 nm, which was shown to be useful for the detection of higher concentrations of pollutant in the test water. We have also using the above strategy to develop a prototype for the detection of model pollutants and demonstrated its efficacy. Furthermore, the so-called Faraday-Tyndall effect was proved to be useful to develop novel NP-based sensors for monitoring model pollutants.
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